INTRODUCTION
In our society, acquiring information through reading text and numbers is an important part of daily life. In this area the ubiquitous influence of modern technology is becoming apparent. An increasing number of people in their professional activities now often read matrix characters from displays, instead of printed letters from paper. In all sorts of other activities, an even larger proportion of the population is confronted with letter and digit shapes which are rather different from the ones that were customary. In view of these facts, human factors research on the usage of novel media has been relatively scarce. For instance, in the case of numeral displays, rectilinear, segmented configurations have almost completely superseded the conventional. rounded forms featured by dis- plays like Nixie tubes. Only a few studies have been published on the comparative legibilities of segmented and conventional numerals (Plath, 1970; Radl-Koethe and Schubert, 1972) . But. originally, there was quite a bit of variation in segmented numeral configurations, as is shown in Figure 1 . Those displays that possessed curved lines, or used more than seven segments, have disappeared from the market, presumably for economic and technical reasons, although they may have had superior legibility. Even within the constraints of rectilinear, seven-segment forms, it appears legitimate to ask which segment configuration should be chosen for each digit so that it has optimum legibility. This is the question that the present paper tries to answer.
In a study of matrix characters for display on CRT screens (Bouma and Leopold, 1969; Bouma and Van Rens, 1971) , three perceptual requirements for isolated characters were defined and studied:
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at Eindhoven Univ of Technology on August 6, 2012 hfs.sagepub.com Downloaded from 464-August, 1980 (I) Visibility, or identifiability, of the character as a whole, as well as of its constituent parts. (2) Discriminability, or individuality of a character, necessitating those parts of its configuration that distinguish it from other, similar characters to stand out clearly. (3) Acceptability of the chosen character shape.
i.e.. a sufficiently close correspondence with the internal concept which human observers have of that shape.
With seven-segment numerals. the first requirement can be met by selecting a suitable combination of line segment dimensions and segment-background contrast and by avoiding reflections on the display from other light sources. The second requirement deserves special attention, since it is more important with numerals than with letters because of the lack of redundancy in numbers. as opposed to words. Moreover, line segment numbers may be especially prone to confusion owing to their similar configurations.
The third requirement has not received much explicit attention in the human factors literature. However. its neglect may have detrimental consequences for acceptance, as for example is demonstrated by the Lansdell numerals (Lansdell. 1954) , which are odd looking but are seemingly more distinguishable than conventionally shaped digits (McCormick. 1970) . Recently it was shown (Smith. 1978 ) that a lack of acceptability is not just of esthetic importance, but may impede the performance of certain tasks. Acceptability and discriminability may lead to HUMAN FACTORS contradictory demands, e.g., in the case of matrix letters (Bouma and Leopold. 1969) . As for segmented numerals, a relatively high acceptability should be recommended for displays used by the general public. as on watches or pocket calculators. However, differences between the shapes of handwritten numerals in different countries, for instance with the digits 1. 7, and 8, may present difficulties in this area. Professional users of numeral displays might be satisfied with somewhat more unusual shapes, as long as these possess a high individuality.
The experiments used in this study were mainly concerned with the discriminability of seven-segment numerals in perceptually difficult conditions. yielding a high proportion of recognition errors. An analysis of these errors was performed and led to a proposal for improved numeral configurations. The improvements concern in the first place the discriminability.
and only in the second place the acceptability, of the numerals. It was not possible to verify whether the new configurations indeed meant an improvement because such new displays were not actually built.
METHOD Display
Segmented numerals were displayed on either one or three indicator tubes, working on the cathode luminescence effect. The numerals had the forms shown in Figure Id . Their height was 19 mm, theirwidth 11.5 mm. The numerals were slanted 8 deg to the right of the vertical. In the three-digit numbers, the distance between the digit centers was 25 mm. The luminance of the segments emitting green light was about 600 cdJm~, i.e., more than enough to satisfy the visibility requirement.
Experimental Design
Several.
more or less complementary, methods exist to determine the relative legi-bility of text (Tinker, 1964) . Partly, they can also be used for isolated characters. In this study the discriminability of single digits was investigated at a large distance, as well as in parafoveal (eccentric) vision; the discriminability of three-digit numbers was investigated only in parafoveal vision. If recognition errors are to be analyzed in trying to improve character configurations, it is necessary to gather a sufficiently large quantity of such errors. Therefore, observational conditions were chosen such that about 40% errors were made. This led to the following experiments:
Experiment 1 (one digit-large distance). One indicator tube was placed in a dark cardboard tube to prevent veiling reflections of other light sources from the vertical cylindrical glass tube containing the numeral segments. The observation distance was 16 m, i.e., the numeral height subtended 4.1 min of arc. The subjects could observe the numerals as long as they wished.
Experiment 2 (one digit-eccentric vision). At a normal reading distance, i.e., 57 em, a homogeneous, white, cylindrically shaped screen was mounted around a headrest. The screen luminance was about 50 cdim 2 • One indicator tube was positioned in front of the screen at an eccentricity of 30 deg in the right Illation dot visual field of the subject. As soon as the subjects had well fixated a black dot put on the screen for this purpose, they pressed a button, thus illuminating the segments of a particular numeral for 100 ms. The short presentation time eliminated the possibility of foveal stimulus projection through eye movements.
Experiment 3 (three digits-eccentric vision). In the same setup as the previous experiment, three indicator tubes were placed at eccentricities of 5 deg for the hundreds, 7.5 deg for the tens, and 10 deg for the units, respectively, of the three-digit numbers displayed in the right visual field. This meant that in order to achieve comparable correct scores in parafoveal vision, three-digit numbers had to be presented much closer to the fixation point than single digits. This is due to mutual interference, usually called lateral masking, of adjacent symbols in eccentric vision (Woodworth and Schlosberg, 1954) . Figure 2 shows the setup of Experiments 2 and 3.
Subjects and Stimuli
Ten male subjects between 25 and 35 yr of age participated in all three experiments. The subjects had a foveal acuity of more than 1.0, some of them with corrective eye glasses. Binocular vision was used in all experiments. Each subject was presented 10 times with each single digit, in random order; the same was done for the hundreds, tens, and units of the numbers in Experiment 3.
Procedure
After the subjects had been familiarized with the somewhat unusual numeral shapes, they started with Experiment 1 and did Experiments 2 and 3 on two other days. A short rest period was held after each 25th stimulus. The subjects responded orally in one of the three ways that were explicitly allowed: (1) they named just one numeral which they thought had been presented; (2) they could name two numerals when in doubt, but not more than two, so responses like "3 or 5" were admitted, and in the subsequent analysis each of these numerals scored a half; (3) they could say "illegible" when they had no idea about the identity of the presented stimulus.
RESULTS

Percentages of Correct Recognitions
The average scores of correctly recognized digits by the subjects were TABLE1 HUMAN FACTORS
• For distance reading 64%;
• For eccentric reading of single digits 65%;
• For eccentric reading of three-digit numbers 81%, 37%, and 53% for hundreds, tens, and units, respectively.
The tens have the poorest recognition because they are flanked at both sides by other digits. A similar effect occurs when letters are read in eccentric vision (Woodworth and Schlosberg. 1954; Bouma, 1970) . In the case of eccentrically presented three-letter strings, the outward letters are perceived best (Bouma, 1973) . Here the situation is reversed: the units are less easily recognized than the hundreds. Probably this is due to the larger distance between the numerals. The three experimental conditions are similar as regards correct scores from the subjects; this also holds approximately for the type of errors, i.e., numeral confusions that subjects make. Table 1 shows the confusion matrix, summated over all subjects, from Experiment 1. Table 2 presents the same information from Experiment 2. Table 3 
Confusions Between Numerals
Subjects are quite willing to make guesses about the identity of numerals which they see more or less vaguely. This follows from Tables I to 3: the response "illegible," though explicitly allowed, was given for only I% of all stimulus presentations. Incorrect responses therefore consist almost exclusively of confusions between digits. Also apparent from Tables I to 3 are the considerable differences between the frequencies of all possible confusions; in other words, their systematic are each related to one numeral. Figure 3b demonstrates clearly that correct scores decrease with the number of segments making up the numerals. Other hypotheses are possible, of course. For instance, it might be thought that angular numerals, like I and 7, by their nature lend themselves better to a segmented representation and, therefore, are more discriminable than rounded numerals like 8 and O. Such an explanation of the data in Figure 3a can already be discarded, however, in view of the frequencies with which confusions between angular and rounded numerals occur. occurrence. Analysis of the system underlying the confusions may shed light on perceptual processes which occur during numeral recognition. The first step of this analysis is to investigate whether, again, a relationship exists between the number of confusions for a pair of numerals and, this time, the number of segments in which those numerals differ. The latter number, of "difference segments," is made up of all segments in which the digits concerned differ. i.e., by addition as well as omission. For example. the total number of difference segments for the digits 4 and 7 is three. Figure 4 gives the numbers of difference segments for all pairs of numerals with the configurations of Figure] , row d.
A and plotted as a function of 6. in Figure 5 . This figure thus shows the distribution of all errors made over the various 6. values. Apparently, there is indeed a relationship between the frequency with which two numerals are confused and the number of segments in which they differ. The ordinates of the data points in Figure 5 sum to 39.5%, which is the average confusion error score of Experiments 1,2, and 3. If instead of the summed percentages, mean percentages are plotted (i.e., if the confusion percentages between numeral pairs are not only averaged over experimental conditions, as in Figure 5 , but also over the respective numbers of numeral pairs having a particular 6.: seven for 6. = 1, eleven for 6. = 2, etc.), an approximately inverse relation between confusion scores and 6. results (Bouma and Van Nes, 1977) . So the probability of two numerals being confused is by approximation in-, versely related to the number of segments in which they differ.
Inspection of Tables I, 2 , and 3 reveals that confusions between numerals are generally not symmetrical. When an error is made, the numeral perceived more often contains fewer segments rather than more segments than the numeral presented. For example, at a distance of 16 m, the presented numeral 8 was 14 times read as "9," whereas the presented numeral 9 was only 3 times read as "8." This perceptual simplification tendency can be expressed by the ratio of "simpler" to" more complex" response numerals. (" Simpler" and "more complex" are relative to the stimulus with which they were confused.) For the seven numeral pairs with 6. = 1, the ratio described is 5/2 in Tables 1 and 2 and even 6/1 in Table 3 . The "simplification tendency" may be a consequence of masking processes in the visual system. Summarizing, the results can be described with three general rules:
(1) The smaller the number of segments from which a digit is built up, the better it is recognized. (2) The larger the total number of segments in which two digits differ, the less the provability that they will be confused. (3) A digit not correctly recognized is more often perceived as one with a configuration simpler than that of the presented digit than the other way round.
DISCUSSION
Influence of the Number of Line Segments
Figure 3 demonstrates that it is more difficult to recognize numerals with many segments than those with few line segments. A numeral's recognition score therefore might be thought to depend on the number of segments it counts, e.g., because separate segments cannot be distinguished when many lie close to each other. However, in view of Figure 5 , it should first be checked whether not perceiving a line segment has equal consequences for recognizing different numerals. If an 8 is presented, for instance, it differs in just one segment from the 0, the 6, and the 9, and Figure 6 shows the seven segments with all numeral pairs which differ only in that segment drawn inside the segments concerned. So. the number of numeral pairs which are drawn in each segment of Figure 6 , i.e., 0, I, or 2, equals N, and D,. In Figure 7 , the three components of the respective distinctive functions (D" D2' and 03) as well as their sums (D) are depicted within the seven segments A to G. The numerical values shown are slightly rounded off. Apparently. the distinctive function of segment F, a part of four of the investigated numerals. has the highest value. closely followed by that of segment A. Segment D appears to be least distinctive; it is a part of nine of the numerals. thus may be interpreted as one of these three if the segment concerned is not perceived. But if a 4 is presented, not perceiving one of its segments need not lead to confusion with another numeral, for the simple reason that there are no numerals differing only in one segment from 4 (see Figure 4) . Thus. the high correct score of a numeral like 4 may be a consequence of its relatively high individuality. rather than the small number of segments it counts. This idea is supported by the fact that confusions between 7 and 1, for example, are about as frequent as between 8 and 0 or 8 and 9. In conclusion. the most important factor that determines confusions and therefore also correct scores is probably the number of line segments in which numerals differ, rather than the number of segments from which numerals are made up.
Perceptual Weight of Separate Segments
Knowing that differences in number of line segments play an important role in recognition, it is interesting to investigate whether all segments are equally prominent in perception, or, in other words, whether they all carry the same perceptual weight. It appears likely that this depends on the distinctive function attributable to the separate segments. If, for instance, a common segment occurred in all numerals-which is not the case-its perception would be of little importance. The distinctive function of each line segment, as regards its contribution to the difference in configuration between the members of pairs of numerals, has been determined for the majority of all possible numeral pairs.
In view of the results depicted in Figure 5 . pairs that differed in more than three segments were not considered, since confusions between such pairs comprise only 16% of all confusion errors. This means that 31 pairs of numerals, i.e., 69% of the total number of pairs (45) The importance of the theoretical distinctive function calculated in this way stands or falls with its correspondence to the perceptual significance of the separate segments. To examine this correspondence, a perceptual distinctive function of each segment needs to be defined. A simple but appealing definition is based on the frequency of experimentally found confusions between numerals which can be attributed to the segments concerned. As many observational conditions as are possible should be considered; in this paper, all available material, i.e., the results of all three experiments, is used to determine the average numbers of confusions between numerals differing in one, two, or three segments. Parallel to the theoretical function, the perceptual distinctive function or perceptual weight P of a segment is defined as the sum of three components, PI, P2, and Pa, which in their turn are defined as C1, C2/2, and C:J3. CI, C2, and Ca represent, respectively, the average number of confusions that may be attributed to only the segment concerned; to that plus one other segment; and to that plus two other segments. Figure 8 shows the values of PI' P2, P:lo and P, rounded off to the nearest integer, written inside the segments concerned. PI equals the average number of confusions between numerals which can be attributed only to one segment; P2 equals half the average number of confusions which can Figure 8 . Figure 7 . The correspondence between the two sets of data appears large enough to warrant the concepts of "distinctive function" and "perceptual weight" of the separate segments composing a numeral. Table 4 shows this correspondence between the separate components of D and P as well as between their sums, expressed as correlation coefficients.
for five of the seven pairs drawn in Figure 6 . However, one new pair with Il = I would result: 141 and /9/. The changes still appear recommendable, since the number of Il = I pairs in total would be four less. Moreover, the acceptability of 161 and 191 probably does not suffer from the change; this can be observed in quite a few-though still a minority-of segmented numeral displays that are now on the market. (3) Another way to increase Il for the digit pair /II and /7/ is to change the configuration for the /7/, as is drawn in Figure 9 and used in some commercially available displays. The resulting Il for the pair /1/ and 17/ is 2; but Il has decreased from 2 to I for this 17/ and the new /9/. So, no overall improvement is obtained in terms of discriminability.
Also, it remains to be seen whether the lower /7/ in Figure 9 is as acceptable as the higher one. (4) One possibility for a change remains: a small /0/, like the lower one in Figure 9 . The change would yield an increase in Il from I to 3 for the numeral pair 101 and 18/; but it would also create another pair with Il = I, viz. /01 and the new 16/. So, this configuration would not appear advisable either, the more so as the lower shape for /01 is unlikely to be found acceptable. Figure 10 shows the segments' theoretical distinctive functions, composed of the three componeflts D'•• D~, and D;" which hold when the new configurations for I, 6, and 9 are used. When only pairs with 6 = 1, 2, or 3 are considered, 28 of the 45 existing new numeral pairs, i.e., 62%, are taken into account. Segment F still appears to be most distinctive and now is a part of 5 of the 10 new numerals: it thus carries the highest possible amount of information.
Segment D again is the least distinctive one; it is a part of eight of the new numerals.
A comparison of the corresponding parts of Figures 10 and 7 Can the experimental results now be used to obtain a better design for line-segment numeral configurations?
For the reasons described in the Introduction, "better" means a higher discriminability of digits. Since the number of confusions increases with a decrease in difference segments 6, as demonstrated by Figure 5 , low values of 6 are to be avoided, especially 6 = 1. Regarding the seven numeral pairs with 6 = 1, a number of changes may be considered. These are depicted in the lower half of Figure 9 ; the upper half shows the numeral configurations actually used in the experiments.
The following comments can be made regarding Figure all Da values. Moreover, the differences among the D' values of the seven segments are smaller than those among the D values of the seven segments, which may be interpreted as an improved distribution of information over the segments.
Accentuation of Important Line Segments
In trying to improve the numeral configurations, so far only omissions and additions of segments with the original dimensions have been considered. It is also possible to design potentially improved numerals by accentuating their perceptually important line segments. From Figure 10 it can be concluded that both left vertical segments and the middle and lower horizontal segments are most important for perception. Such segments may be accentuated, for instance, by making them a bit broader or longer. A series of numerals with various differences in (l) width between the perceptually most important segments and the other ones and (2) length between the horizontal and vertical segments were drawn and presented to a group of subjects. From their judgments it was concluded that a modest broadening, by 50%, of some of the segments does not affect the numerals' acceptability. A 30% increase in length of the three horizontal segments leads to a heightwidth ratio of the numerals of about 1.5; this ratio was felt to be quite acceptable by the subjects.
The investigated numerals had a slant of 8 deg. Drawn versions of segmented numerals with a range of slants were compared by subjects as to their accbptability. Slant values between 15 and 20 deg were judged to be most acceptable.
Interestingly, numerals written by subjects on ruled paper have about the same slant (Van Hulst, 1969) . Such an increased slant, apart from raising the numerals' acceptability, would also accentuate them when used in combination with vertical capital letters and, therefore, facilitate the distinction between, for example,S ann S. 
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Following the adaptation of the form of the ends of the line segments to their respective functions in all of the possible digit shapes, the numerals drawn in Figure 11 were arrived at. Only after an experiment with a real display incorporating this design, under the same observational conditions as in the present experiment, could the effect of the proposed changes on discriminability be evaluated. Subsequently, it would be important to test the value of the conclusions reached in normal usage. Unfortunately, such experiments are not as yet possible in the Institute for Perception Research because so far no displays based on the new design have been constructed. When these displays become available, however, the authors intend to do the necessary comparative experiments. This approach is preferred over using simulated displays because it avoids the possibility of drawing erroneous conclusions from unknown simulation artifacts.
